INTRODUCTION
Protein bands 1 and 2, or spectrin, the major extrinsic protein of the erythrocyte membrane, was first described by Marchesi and Steers in 1968 (1) . It is thought to play a major role in the regulation of erythrocyte shape and deformability (2, 3) . Elegant biochemical studies during the past few years have shown that three other extrinsic proteins, band 5 (actin), bands 2.1 (ankyrin), and band 4.1, are intimately associated with spectrin and form a skeletal network that underlies the membrane lipid bilayer (4-9). Band 2.1 has been shown to be the polypeptide responsible for linkage of this "membrane skeleton" to the bilayer through its association with the integral transmembrane protein, band 3 (10) . Band 4.1 is known to bind to both spectrin and actin and is thought to be involved in the modulation of spectrin-actin interactions (7) (8) (9) . Taken together, the membrane skeletal protein complex appears to be responsible for the remarkable mechanical stability and membrane flexibility of erythrocytes. To date, the only clear example of deficiency of one of these erythrocyte membrane skeletal proteins is in murine hemolytic anemias (3, 11) . Erythrocytes from four mutants of the common house mouse (Mus musculus), with recessively inherited hemolytic anemias, have been shown to have varying degrees of spectrin deficiency, and the extent of spectrin deficiency has correlated closely with the severity of anemia. Moreover, in one of these conditions, replacement of spectrin by exchange hemolysis reduced the abnormal cell fragmentation and fusion and modulated the markedly aberrant osmotic behavior of those erythrocytes (12) .
Homozygous hereditary elliptocytosis, a transfusiondependent hemolytic anemia with erythrocyte fragmentation, poikilocytosis, and spherocytosis, has been described by several investigators (13) (14) (15) (16) . In initial studies of poikilocytic erythrocytes from a patient referred to the first author, Dr. Claude Feo and Dr. Sigmund Fischer found that the cell membranes were deficient in the membrane skeletal protein, band 4.1 (17 Francisco. The delay from the time the blood was drawn to the time of analysis varied from 24 to 36 h. Portions were fixed in glutaraldehyde (1% in isotonic buffered saline) for subsequent morphologic examination by phase-contrast and scanning electron microscopy. Samples for scanning electron microscopy were prepared by the method described by Bessis and Weed (18 Deforinability measurements. Whole cell deformability was measured by a laser diffraction method employing the ektacytometer with the image analysis system previously described (20) . In this instrument, distortion of a laser diffraction pattern of cells suspended in a shear field provides a measure of cell deformation. The instrument also provides a record of a deformability index (DI)' as a continuous function of applied shear stress. In simplest terms, the DI is a measure of the extent of cell ellipticity induced by stress. It has previously been shown that the DI at maximum shear stress (DImax) is a reliable measure ofwhole cell deformability. In addition, measurement of Dlmax under varying osmotic conditions permits estimation of the relative importance oferythrocyte surface-to-volume ratio and internal viscosity in whole cell deformability (20) .
Fragility measurements. In order to obtain a measure of the mechanical fragility of the erythrocytes, the cells were maximally deformed in the ektacytometer, and the timecourse of fragmentation at constant applied shear stress was monitored by following changes in the DI with time. When the cells were maximally deformed into prolate ellipsoids (600 dyn/cm2 shear stress), they produced a narrow elliptical pattern with a DI value approaching 0 (20) and isolating cell populations with identical cell densities, and hence constant meean corpuscular hemoglobin conicentration, before the measurements.
Faimily study. The Algerian family we have studied is composed of two parents and their five daughters. The parents were first cousins and appear to be hematologically normal except for modest elliptocytosis on smear and a minimal increase in the osmotic fragility of their erythrocytes (father: hemoglobin 14.4 g/100 ml, mean cell volume 80,m3, mean cell hemoglobin concentration 35.5/100 ml, reticuilocyte count 53,000/mm3; mother: hemoglobin 12.4 g/100 ml, mean cell volume 82 ,um3, mean cell hemoglobin concentration 35.3 g/100 ml, reticulocyte count 114,000 mm3). The 68 ,um3, mean cell hemoglobin concentration 33.5 g/100 ml, reticulocyte count 125,000/mm3. The first daughter (age 14) has normal hematologic indices although her peripheral blood smear shows modest elliptocytosis. The second daughter, age 13, is also hematologically normal but in contrast her peripheral blood smear shows no elliptocytosis. The fourth daughter (age 3) had a hemoglobin of 4.8 g/100 ml 15 d after birth and required transfusion at that time. Splenomegaly was noted at 6 mo. She received 15 transfusions during her 1st yr of life and was subsequently transfused every 5 wk. She has recently been splenectomized and has not required transfusion in the 4 mo after surgery. Her peripheral blood smear shows marked elliptocytosis and cell fragmentation.
The fifth daughter (age 7 mo) also had neonatal anemia and required two transfusions during the first 2 mo of life. Her hematologic status has not been fully evaluated at this time.
RESULTS
The pedigree of the family and the Rh blood group types are illustrated in Fig. 1 . Appreciable numbers of elliptocytes were seen in the parents and in the first daughter both in unfixed blood samples examined by phase-contrast microscopy and in fixed samples examined by scanning electron microscopy ( Fig. 2A-C) . No elliptocytes were seen in the peripheral blood of the second daughter, and discocytes were predominant (Fig. 2D) . The blood films of the third (proband) and fourth daughter, as well as the fifth daughter, when not transfused, were markedly abnormal (Fig.  2E) . Along with elliptocytes, a large number of fragmenrted cells and an increased number of spherocytes, as well as other poikilocytes, were seen. Because the abnormal morphology of erythrocytes in the three youngest daughters was similar to that seen in patients with pyropoikilocytes, their thermal sensitivity was examined as previously described (21) . The completion of fragmentation was defined by total loss of original morphology and replacement by uniformly spherical cells and fragments. Fragmentation of erythrocytes from the parents, as well as the first daughter and the proband was complete at 50°C. This was not different from normal cells, and appreciably different from pyropoikilocytosis cells (46°C).
The extent of the abnormality in the DI curves in isotonic media of various family members is shown in Fig. 3 and appears to correspond to that in the peripheral blood morphology. Fig. 4 . The striking feature of the gel pattern is the marked deficiency of band 4.1 in the proband that is illustrated here. No band 4.1 could be seen in this patient when simple 4, 5, or 6% cylindrical acrylamide gel electrophoresis systems were used. When a high resolution Laemlli 4-15% gradient gel system was used to resolve 4.1 into two bands (4.1a and 4.1b) (23) , band 4.1a was totally absent even in heavily loaded gels. Trace amounts of stained material were found in the 4.1b region. At the present time, without sufficiently active 4.1 antibodies we cannot be sure of the nature of this material. The (Table I ). In addition, it was found that both parents and the first daughter had decreased levels of band 4.1 (approximately half the normal value) whereas the second daughter with discocytic erythrocytes had normal amounts. The marked deficiency of band 4.1 in the patients was further confirmed in the gel patterns of Triton shells made from isolated membranes (Fig. 5) . Triton shells are primarily composed of the membrane skeletal proteins, with only minor amounts of the major intrinsic protein band 3. Analysis of such preparations permits better visualization of band 4.1, which is somewhat overshadowed by band 3 in gel patterns of intact membranes. Band 4.la was totally absent in two of the three seriously affected patients who had not been transfused, with only trace amounts of band 4. lb present. The Triton shells of the last affected daughter contained trace amounts of band 4.1a, presumably from the residual transfused normal cells. The parents and the first daughter had reduced amounts of 4.1 in these Triton shell preparations, just as in the whole membrane preparations, and the second daughter with discocytic cells had normal amounts of band 4.1. The values for the controls are the mean and standard deviation for 13 hematologically normal individuals. The values for the various family members represent the mean and standard duration from scans of 12 gels from two separate phlebotomies.
The marked deficiency of band 4.1 in the hemolytic patients was apparent in all subpopulations of density gradient-separated cells. This implied that the deficiency is present in the erythrocytes of all ages. This also suggested that band 4.1 deficiency is probably the result of reduced or deficient synthesis in the marrow and not the result of its proteolytic digestion during erythrocyte maturation.
Recognizing that proteolysis can be a significant problem in the analysis of the protein composition of isolated membranes, we took precautions during the analysis. First, leukocyte contamination, a major cause ofproteolysis, was minimized by passing blood through microcrystalline cellulose. Second, EDTA and the protease inhibitors phenylmethylsulfonylfluoride and diisopropylphosphorofluoride were used in all the lysing and washing buffers to minimize further poten- 4 SDS polyacrylamide gel electrophoretic patterns using the 4-15% Laemmli gradient system of erythrocyte membranes from the parents (F and M), the three daughters (Dl, D2, D3) and a normal control (C). tial proteolysis. Finally, all buffers were prechilled, and the procedures were carried out at 4°C. In order to confirm further the absence of significant proteolysis, intact normal erythrocytes and the proband's erythrocytes were mixed on the basis of total hemoglobin in ratios of 1:3, 1:1, and 3:1. Isolated membranes were then prepared from these premixed intact cell samples and their band 4.1 content analyzed. When the normal erythrocyte band 4.1 content was defined as 100%, the predicted and experimentally determined percentages were respectively as follows: 100-100%; 75-84%; 50-53%; 25-15%; 0-0%.
The mechanical stability of the erythrocyte membranes with band 4.1 deficiency is illustrated in Fig. 6 . The rate of decline of DI with time is a measure of erythrocyte fragmentation. It can be seen that the fragmentation kinetics of erythrocytes from the second daughter with normal discocytic morphology is similar to that of controls. The erythrocytes from the parents and the first daughter without hemolysis but with reduced 4.1 levels, fragmented at a rate faster than those of controls. The erythrocytes of the three seriously affected sisters fragmented at a rate that was much faster than that ofany of the controls, the parents, or the clinically unaffected sister.
DISCUSSION
The morphologic and biochemical observations in this family imply that the proband and two of her sisters 1 (4) reported that band 4.1 is required for the formation of the spectrin-actin complex. Fowler and Taylor (7) showed that band 4.1, spectrin, and actin are all required for the optimal formation of skeletal supramolecular structures. In addition, Wolfe et al. (24) found that band 4.1 cooperatively augments the interaction of spectrin and actin at physiologic ionic strengths. Cohen and Foley (8) suggested that band 4.1 may play an important role in promoting the anchoring of actin filaments to the cytoplasmic surface of the erythrocyte by spectrin. Mueller and Morrison (25) have found evidence suggesting that the sialoglycoprotein PAS-2 may provide an integral membrane binding site for band 4.1. The relationship between the marked decrease in mechanical stability of the erythrocyte membrane and the deficiency of band 4.1 in erythrocyte membranes observed in the current study now provides direct evidence for an important physiologic role for band 4.1 in maintaining the structural stability of the erythrocyte.
The mechanical instability of the erythrocyte membrane may well account for the clinical picture seen in these patients. It seems reasonable to postulate that, because of the marked deficiency in band 4.1, the cytoskeleton is structurally inadequate and that the erythrocytes fragment soon after entering the circulation when subjected to the increased fluid stresses of the microcirculation. These fragmented cells, now with reduced deformability consequent to reduced surface area-to-volume ratio, are then trapped in the spleen, resulting in reduced erythrocyte life span and hemolytic anemia. The marked mechanical fragility, the sensitivity to osmotic stress, the large numbers of fragmented cells in the peripheral blood, and the improvement after splenectomy, all support this hypothesis. Moreover, the elliptocytic shape of the cells before fragmentation may well reflect a functional failure of the 4. 1-depleted cytoskeleton to recover from the distortion of circulatory stresses.
Although deficiency of band 4.1 appears to be responsible for the elliptocytic morphology and membrane instability of erythrocytes in this family, alterations in other skeletal proteins may account for similar morphologic changes. Liu and Palek (26) recently reported defective dimer-tetramer association of spectrin in certain families with elliptocytosis and suggested that spectrin abnormalities may be responsible for decreased membrane stability. It seems likely that various alterations in the interactions among the several skeletal proteins may eventually be found to be responsible for the heterogeneity seen in hereditary elliptocytosis.
From the current and previous studies, band 4.1 appears to be particularly important for maintaining membrane strength and integrity through its ability to integrate major components of the membrane skeleton.
